Introduction
============

From clinical case reports, welders often experience problems with impotence when they are occupationally exposed to excess manganese (Mn) dust.[@b1-cia-10-907]--[@b3-cia-10-907] In addition, male workers may show reduced fertility when exposed to Mn dust.[@b4-cia-10-907] In animal experiments, male rabbits had often shown testicular degeneration and sterility when exposed to a high dose of Mn.[@b5-cia-10-907],[@b6-cia-10-907] Until now, possible mechanisms for Mn-induced reproductive toxicology have rarely been explored. Occupational exposure to high levels of Mn can cause a syndrome known as manganism, which has symptoms that closely resemble Parkinson's disease. In this study, we developed an aged mouse model of manganism in penile toxicity.

Activity of nitric oxide synthase (NOS) in the corpus cavernosum plays a key role in penile erection.[@b7-cia-10-907],[@b8-cia-10-907] In the penile tissue, nitric oxide is released in the corpus caver-nosum by regional expression of neuronal, inducible, and endothelial NOSs (nNOS, iNOS, and eNOS, respectively).[@b9-cia-10-907],[@b10-cia-10-907] Reduction of nitric oxide release in penile tissue was often observed with aging, as well as in specific diseases such as diabetes mellitus, hyperlipidemia, and hypertension, which often cause erectile dysfunction.[@b11-cia-10-907]--[@b13-cia-10-907] In addition, oxidative stress and downregulation of vascular endothelial growth factor (VEGF) expression were often observed in the corpus cavernosum of impotent animals.[@b14-cia-10-907]--[@b16-cia-10-907] Oxidative stress and a VEGF deficit may be involved in manganism-induced reproductive toxicology.

Recently, the Brion Research Institute of Taiwan has developed the herbal formula B401 for use as an alternative health supplement. It has been suggested that the herbal formula B401 can be developed as a dietotherapeutic supplement for ameliorating neurodegenerative diseases such as Huntington's disease (HD) by enhancing VEGF and brain-derived neurotrophic factor, while reducing inflammation in the brain tissue.[@b17-cia-10-907] In addition, we also found that the herbal formula B401 has neuroprotective effects in HD transgenic mice by reducing oxidative stress and apoptosis. We reasonably infer that the herbal formula B401 may be a potential dietotherapeutic supplement for ameliorating manganism-induced reproductive toxicology in mice through enhancement of NOS activity, as well as reduction of oxidative stress, inflammation, and apoptosis signaling pathways. In this study, we elucidated the role of NOS activity, oxidative stress, inflammation, and apopto-sis in penile toxicity of ICR mice associated with Mn and investigated the effect of oral treatment with the herbal formula B401 in this respect.

Materials and methods
=====================

Chromatographic fingerprint analysis for the herbal formula B401
----------------------------------------------------------------

The herbal formula B401 has a Taiwan--US patent (\#US 7,838,048 B2). It contains six herbal ingredients, including extracts from *Panax ginseng, Astragalus membranaceus, Angelica sinensis, Rehmannia glutinosa, Ligustri Fruc-tus*, and *Eclipta prostrata* in specific ratios, and has been developed as a health supplement. High-performance liquid chromatography (HPLC) charts of the six marker compounds (ginsenosides Rb1, formononetin, 5-hydroxymethylfurfural, ferulic acid, oleanolic acid, and wedelolactone) of the herbal formula B401 with different wavelengths are shown in [Figure 1](#f1-cia-10-907){ref-type="fig"}. All compounds used in this analysis were solubi-lized in distilled H~2~O/MeOH. HPLC-grade acetonitrile from Burdick and Jackson (Gyeonggi-do, Korea) and methanol from Avantor (Center Valley, PA, USA) were used with these herbal ingredients. A Milli-Q water purification system (EMD Millipore, Billerica, MA, USA) provided purified water. For further information, experiments would not be affected by the vehicle.

Animal preparation and monitoring
---------------------------------

In this study, a total of 18 ICR mice at 24 months of age were divided into the sham group (n=6), Mn group (n=6), and the B401+Mn group (n=6). The mice of the sham group were fed with the same amount of distilled water without B401 and Mn treatment. Those of the Mn group were given an intraperitoneal injection with a high single dose of manganese chloride (MnCl~2~, 100 mg/kg, the pH value was close to 7.0) without oral B401 treatment. Mice of the B401+Mn group were orally fed with the B401 formulation (50 mg/kg, the pH value was close to 7.0) twice every day for 5 days and then treated with a high single dose of MnCl~2~ (100 mg/kg, the pH value was close to 7.0) by intraperitoneal injection. All doses of the herbal formula B401 were adjusted according to individual weight and water consumption, which was much lower than the dosage of half-maximal inhibitory concentration (IC~50~). One day after MnCl~2~ treatment, the levels of caver-nosal nitric oxide in the mice of the Mn group and B401+Mn group were examined with a nitric oxide electrochemical sensor meter. The level of cavernosal nitric oxide in the mice of the sham group was also examined at the same time. All protocols in the experiment were executed according to the international guidelines for care and use of laboratory animals. This animal experiment and drug trials on animals was approved by the Committee on Animal Research of National Taiwan Normal University (NTNU) and implemented under the guidelines of the Committee (protocol number: NTNU/Animal Use and Care/No 103017).

Measurements of cavernosal nitric oxide in the penile tissue
------------------------------------------------------------

One day after MnCl~2~ treatment, the expression of cavernosal nitric oxide in the penile tissue of the mice was measured with a nitric oxide electrochemical sensor meter (Model IMEC-601; Inter Medical Co, Tokyo, Japan). As in a previous study,[@b18-cia-10-907] the nitric oxide-selective microelectrode was calibrated by the polarographic spectrum. The counter electrode was made of carbon fiber (outer diameter \[OD\]: 0.5 mm) and surrounded the working electrode. The working electrode consisted of a platinum/iridium alloy wire (OD: 0.2 mm) coated with a three-layer membrane that included KCl resin, a nitric oxide-selective membrane, and a normal silicone membrane. The electrode touched the surface of the penis, and the tip of the electrode was positioned in the middorsal artery. Electrochemical oxidation of nitric oxide at the electrode surface was measured by the current polarographic electrode. The output current from the electrodes were monitored on the monitor and were recorded in the LabChart (AD Instrument Pty Ltd, New South Wales, Australia). The change percentage provided an index of changes in tissue nitric oxide concentrations on the basis of the changes in output currents.

Immunohistochemical stain for eNOS and nNOS protein expression
--------------------------------------------------------------

One day after MnCl~2~ treatment, corpora cavernosal tissues of both Mn-treated mice and their controls were simultaneously sampled to examine their immunohistochemical (IHC) staining. After formalin fixing, the cavernosal tissue section (5 μm) immersed in citrate buffer was applied to a heart-induced epitope retrieval for 15 minutes; it was next reacted with the primary antibody. Mouse anti-eNOS (1:200) (Cell Signaling Technology Inc, Danvers, MA, USA) binds to eNOS as a primary antibody, and rabbit anti-nNOS (1:500) (Cell Signaling Technology Inc). The slide was kept at room temperature for 60 minutes. The slide was washed with phosphate-buffered saline (PBS) for 10 minutes, reacted with the secondary antibody attached with biotin for 30 minutes, and then reacted with the chromogen 3,3′-diaminobenzidine tetrahydrochloride for 5 minutes. The slide was then reacted with NoVolink polymer (Leica, polymer detection system) for 30 minutes, and it was washed with PBS three times. The IHC staining was examined by one researcher.

Western blot analysis
---------------------

One day after MnCl~2~ treatment, the corpora cavernosal tissues of Mn-treated mice and their controls were simultaneously sampled to obtain their Western blots. The removed penile tissue was homogenized in a buffer solution that included 0.05 M tris (hydroxymethyl) aminomethane (Tris, pH 8.0), 0.15 M sodium chloride, 0.02 M ethylenediaminetetraacetic acid, 1% deoxycholic acid, 1% nonidet P40, 0.1% sodium dodecyl sulfate (SDS), 1% protease inhibitor cocktail for full range, 1% serine/threonine phosphatase inhibitor cocktail, and 1% tyrosine phosphatase inhibitor cocktail (all from Bionovas, Washington, DC, USA). The homogenized buffer solution was placed on ice for 1 hour, centrifuged at 4°C for 13,000 rpm for another 20 minutes, and the supernatant solution was separated. The separated solution was quantitated by using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific Inc, Waltham, MA, USA). Thirty micrograms of the total protein was denatured at 95°C for 5 minutes with 5× sample dye, which included 0.25 M Tris-HCl (pH 6.8, Bionovas), 10% SDS (Bionovas), 0.5% bromophe-nol blue (Bionovas), 50% glycerol (Bionovas), and 5% beta-mercaptoethanol (Bionovas). The electrophoresis was performed with 12.5% discontinuous SDS-polyacrylamide gel. The proteins were then electroblotted onto a 0.2 μm polyvinylidenedifluoride membrane (GE Healthcare Life Sciences, Barrington, IL, USA) for 120 minutes at 100 V. The membranes were reacted with a blocking buffer (5% skimmed milk in Tris-buffered saline and Tween 20 \[TBS-T\] buffer) for 1 hour at ambient temperature, and then they were blocked.

The antibodies to 4-hydroxynonenal (4-HNE), cytochrome C (Cyt-C; Abcam, Cambridge, MA, USA), alpha-tubulin, beta-actin, Bcl-2-associated X protein (Bax; Thermo Fisher Scientific Inc), B-cell lymphoma 2 (Bcl-2; Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA), catalase, caspase-12, caspase-3, eNOS, nNOS, cleaved poly(adenosine diphosphate-ribose) polymerase (c-PARP), superoxide dismutase 2 (SOD2), and tumor necrosis factor alpha (TNF-α; Cell Signaling Technology Inc) were added and the mixtures reacted for 2 hours at ambient temperature (or overnight at 4°C). The membrane was washed three times using TBS-T at intervals of 10 minutes. As the secondary antibodies, anti-rabbit immunoglobulin G (IgG)-horseradish peroxidase (HRP; 1:5,000 dilution), anti-mouse IgG-HRP (1:5,000 dilution), and anti-goat IgG-HRP (1:5,000 dilution, PerkinElmer, Waltham, MA, USA) were reacted at ambient temperature for 1 hour, and the membrane was washed again with TBS-T three times, with an interval of 10 minutes between each washing. Each band was visualized using enhanced chemiluminescence Western blotting detection reagents (GE Healthcare Life Sciences, Barrington, IL, USA), and the chemiluminescence was detected using LAS-4000 (GE Healthcare Life Sciences). Densitometric assessments of the bands were performed using ImageJ software (version 1.48t; Wayne Rasnabd, Washington, DC, USA).

Statistical analysis
--------------------

All data are given as mean ± standard error of the mean from at least six independent experiments. Statistical analysis was performed using one-way analysis of variance followed by Student--Newman--Keuls multiple comparisons posttest. *P*-values of at least \<0.05 were considered significant.

Results
=======

Effect of oral B401 treatment on cavernosal synthesis of nitric oxide and angiogenesis in Mn-treated mice
---------------------------------------------------------------------------------------------------------

Effect of B401 treatment on cavernosal synthesis of nitric oxide is shown in [Figure 2A](#f2-cia-10-907){ref-type="fig"}. As detected by the electrochemical sensor meter, the value of cavernosal platelet-derived nitric oxide in Mn-treated mice was significantly lower than that in the sham mice ([Figure 2A(b)](#f2-cia-10-907){ref-type="fig"}, Mn group: 450.2±12.2 pA, vs Sham group: 477.8±14.4 pA, *P*\<0.05). The cavernosal nitric oxide value in Mn-treated mice under B401 treatment was significantly higher than those in Mn-treated mice without B401 treatment ([Figure 2A(b)](#f2-cia-10-907){ref-type="fig"}, B401+Mn group: 502.2±17.8 pA vs Mn group: 450.2±12.2 pA, *P*\<0.05). The cavernosal nitric oxide value in Mn-treated mice was reduced to ∼94% of the value of sham mice, but it was ∼105% of the value of sham mice in the Mn-treated mice under B401 treatment ([Figure 2A(b)](#f2-cia-10-907){ref-type="fig"}). Interestingly, the cavernosal nitric oxide value in the cavernosal tissues of Mn-treated mice under oral B401 treatment was also significantly higher than those in the sham mice ([Figure 2A(b)](#f2-cia-10-907){ref-type="fig"}, B401+Mn vs Sham, *P*\<0.05). From hematoxylin-and-eosin (H&E) histological study, we observed that cavernosal tissues in Mn-treated mice with and without oral B401 administration were very similar ([Figure 2B](#f2-cia-10-907){ref-type="fig"}).

The effect of B401 treatment on expression levels of cavernosal NOS is shown in [Figure 3](#f3-cia-10-907){ref-type="fig"}. Our IHC staining study revealed that cavernosal eNOS expression levels of Mn-treated mice under B401 treatment (B401+Mn group) were visibly enhanced beyond those of Mn-treated mice without B401 treatment (Mn group) ([Figure 3A](#f3-cia-10-907){ref-type="fig"}, B401+Mn vs Mn). We quantified cavernosal eNOS expression levels of Mn-treated mice by Western blotting analysis, as shown in [Figure 3B](#f3-cia-10-907){ref-type="fig"}. Both cavernosal nNOS and eNOS expression levels of Mn-treated mice under B401 treatment were significantly higher than those in the Mn-treated mice without B401 treatment ([Figure 3B](#f3-cia-10-907){ref-type="fig"}, B401+Mn vs Mn, *P*\<0.01).

We further quantified the expression levels of cavernosal VEGF expression levels by Western blotting analysis, as shown in [Figure 4A](#f4-cia-10-907){ref-type="fig"}. VEGF is a marker protein that stimulates angiogenesis. We found that the expression levels of VEGF in the cavernosal tissues of Mn-treated mice were not significant when compared with mice under sham treatment ([Figure 4B](#f4-cia-10-907){ref-type="fig"}, Mn vs Sham, *P*\>0.05). However, the expression levels of VEGF in the cavernosal tissues of Mn-treated mice under B401 treatment were significantly higher than those in the Mn-treated mice without B401 treatment ([Figure 4B](#f4-cia-10-907){ref-type="fig"}, B401+Mn vs Mn, *P*\<0.01). Interestingly, expression levels of VEGF in the cavernosal tissues of Mn-treated mice under oral B401 treatment were significantly higher than those in the sham mice ([Figure 4B](#f4-cia-10-907){ref-type="fig"}, B401+Mn vs Sham, *P*\<0.05).

Effect of oral B401 treatment on marker proteins of oxidative stress and inflammation in the cavernosal tissues of Mn-treated mice
----------------------------------------------------------------------------------------------------------------------------------

The effect of B401 treatment on expression levels of marker proteins of oxidative stress in the cavernosal tissues is shown in [Figures 4](#f4-cia-10-907){ref-type="fig"} and [5](#f5-cia-10-907){ref-type="fig"}. We quantified the expression levels of catalase and SOD2 by Western blotting analysis, as shown in [Figure 4A](#f4-cia-10-907){ref-type="fig"}. Expression levels of both catalase and SOD2 in the cavernosal tissues of Mn-treated mice were significantly weaker than those in the sham mice ([Figure 4B](#f4-cia-10-907){ref-type="fig"}, Mn vs Sham, *P*\<0.05), but the levels were significantly increased in the cavernosal tissues of Mn-treated mice under oral B401 treatment ([Figure 4B](#f4-cia-10-907){ref-type="fig"}, B401+Mn vs Mn, *P*\<0.01). Interestingly, expression levels of both catalase and SOD2 in the cavern-osal tissues of Mn-treated mice under oral B401 treatment were significantly increased beyond those of the sham mice ([Figure 4B](#f4-cia-10-907){ref-type="fig"}, B401+Mn vs Sham, *P*\<0.01). We further quantified the expression levels of 4-HNE by Western blotting analysis, as shown in [Figure 5A](#f5-cia-10-907){ref-type="fig"}. 4-HNE has been hypoth-esized to play a key role in oxidative stress by increasing the lipid peroxidation chain reaction. We found that the expression levels of 4-HNE in the cavernosal tissues of Mn-treated mice under oral B401 treatment were significantly weaker than those of the Mn-treated mice without B401 treatment ([Figure 5B](#f5-cia-10-907){ref-type="fig"}, B401+Mn vs Mn, *P*\<0.01).

The effect of B401 treatment on oxidative stress in the cavernosal tissues is shown in [Figure 6](#f6-cia-10-907){ref-type="fig"}. We quantified the expression levels of TNF-α by Western blotting analysis, as shown in [Figure 6A](#f6-cia-10-907){ref-type="fig"}. TNF-α is a signaling protein that is involved in systemic inflammation. We found that the expression levels of TNF-α in the cavernosal tissues of Mn-treated mice under oral B401 treatment were significantly weaker than those of the Mn-treated mice without B401 treatment ([Figure 6B](#f6-cia-10-907){ref-type="fig"}, B401+Mn vs Mn, *P*\<0.01).

Effect of oral B401 treatment on marker proteins of apoptosis in the cavernosal tissues of Mn-treated mice
----------------------------------------------------------------------------------------------------------

It has been described that apoptosis is a downstream event in erectile dysfunction.[@b19-cia-10-907] Therefore, we examined and compared expressions of apoptosis-related proteins in cavernosal tissues of Mn-treated mice with and without oral B401 treatment ([Figure 7A](#f7-cia-10-907){ref-type="fig"}). As suggested in previous studies,[@b20-cia-10-907] Bcl-2 is a marker of antiapoptosis, while Bax and Cyt-C are two markers of mitochondrial apoptosis. The ratio of Bcl-2 protein to Bax protein determines survival or death after an apoptotic stimulus. We quantified the ratio of Bcl-2/Bax by Western blotting analysis, as shown in [Figure 7B](#f7-cia-10-907){ref-type="fig"}. The ratio of Bcl-2/Bax in the cavernosal tissues of Mn-treated mice under oral B401 treatment had significantly increased compared with that in the Mn-treated mice without oral B401 treatment ([Figure 7B](#f7-cia-10-907){ref-type="fig"}, B401+Mn vs Mn, *P*\<0.01). We further quantified expression levels of Cyt-C by Western blotting analysis. Expression levels of Cyt-C in the cavernosal tissues of Mn-treated mice under oral B401 treatment were significantly weaker than those of Mn-treated mice without oral B401 treatment ([Figure 7B](#f7-cia-10-907){ref-type="fig"}, B401+Mn vs Mn, *P*\<0.05). Moreover, c-PARP is involved in programmed cell death.[@b21-cia-10-907] We quantified expression levels of c-PARP by Western blotting analysis. Expression levels of c-PARP in the cavernosal tissues of Mn-treated mice under oral B401 treatment were significantly weaker than those of Mn-treated mice without oral B401 treatment ([Figure 7B](#f7-cia-10-907){ref-type="fig"}, B401+Mn vs Mn, *P*\<0.05).

Apoptosis in the cavernosal tissues of Mn-treated mice was further assessed by estimating the expression levels of caspase-12 and caspase-3, two important activators for apoptosis signaling. We quantified expression levels of caspase-12 and caspase-3 by Western blotting analysis, as shown in [Figure 8A](#f8-cia-10-907){ref-type="fig"}. Expression levels of both caspase-12 and caspase-3 in the cavernosal tissues of Mn-treated mice were significantly increased beyond those of the sham mice ([Figure 8B](#f8-cia-10-907){ref-type="fig"}, Mn vs Sham, *P*\<0.01--0.05) but were signifi-cantly decreased in the cavernosal tissues of Mn-treated mice under oral B401 treatment ([Figure 8B](#f8-cia-10-907){ref-type="fig"}, B401+Mn vs Mn, *P*\<0.01--0.05). Interestingly, expression levels of caspase-12 in the cavernosal tissues of Mn-treated mice under oral B401 treatment were significantly higher than those of the sham mice ([Figure 8B](#f8-cia-10-907){ref-type="fig"}, B401+Mn vs Sham, *P*\<0.05).

Discussion
==========

Erectile dysfunction is a common disorder among aging males. In this study, we evaluated the effects of the Chinese herbal formula B401 in the cavernosal tissues of Mn-treated mice. Our results demonstrated that oral treatment of the herbal formula B401 effectively enhances both synthesis of nitric oxide ([Figures 2](#f2-cia-10-907){ref-type="fig"} and [3](#f3-cia-10-907){ref-type="fig"}) and angiogenesis ([Figure 4](#f4-cia-10-907){ref-type="fig"}), while reducing oxidative stress ([Figures 4](#f4-cia-10-907){ref-type="fig"} and [5](#f5-cia-10-907){ref-type="fig"}), inflammation ([Figure 6](#f6-cia-10-907){ref-type="fig"}), and apoptosis ([Figures 7](#f7-cia-10-907){ref-type="fig"} and [8](#f8-cia-10-907){ref-type="fig"}) in the penile corpus cavernosum of Mn-treated mice.

An ingredient of the herbal formula B401 shown in [Figure 1](#f1-cia-10-907){ref-type="fig"}, the extract from *P. ginseng*, has been proven to reduce oxidative stress and inflammation.[@b22-cia-10-907]--[@b25-cia-10-907] Furthermore, Rg1 from *P. ginseng* can induce rapid nitric oxide production from eNOS through the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) pathway.[@b26-cia-10-907] The extract from *A. membranaceus* has been reported to reduce oxidative stress and enhance nitric oxide production.[@b27-cia-10-907],[@b28-cia-10-907] The extract from *A. sinensis* has been reported to have angiogenic effects in zebrafish through enhancement of VEGF mRNA expression.[@b29-cia-10-907] The extract from *R. glutinosa* has long been used in age-related diseases and its therapeutic efficacy by attenuating oxidative damage in the brain of mice has been previously reported.[@b30-cia-10-907] The extract from *L. fructus* has been used to protect against hydrogen peroxide-induced oxidative damage.[@b31-cia-10-907] The extract from *E. prostrata* has been reported to have cerebroprotective and antioxidative effects by reducing global cerebral ischemia in rats.[@b32-cia-10-907] Taken together, the herbal formula B401 might have protective effects brought about by enhancing production of nitric oxide and VEGF, while reducing oxidative stress and inflammation. As for traditional Chinese medicine, we know that none of these herbs have much therapeutic value. To use any of them alone may prove problematic. That is why we use combined herbal formulas to treat penile toxicity in mice with acute manganism.

As suggested in the Introduction, excessive Mn exposure may lead to erectile dysfunction in human and other animal models.[@b1-cia-10-907]--[@b6-cia-10-907] Nitric oxide plays a key role in penile erection.[@b33-cia-10-907] Impaired nitric oxide formation may be considered a pathological mechanism in erectile dysfunction.[@b34-cia-10-907] Nitric oxide can be synthesized and released from nonadrenergic, noncholinergic nerve endings by specific nNOS and from the endothelium by eNOS.[@b35-cia-10-907] It has been suggested that rapid, brief activation of nNOS initiates the erectile process, whereas PI3-kinase/Akt-dependent phosphorylation and activation of eNOS by augmented blood flow and endothelial shear stress lead to sustained nitric oxide production and maximal erection.[@b36-cia-10-907] Inhibition of nNOS attenuates erectile responses.[@b37-cia-10-907] Thus, it is very likely that physiological penile erection is mediated by both nNOS and eNOS. Furthermore, it has been suggested that VEGF induces penile erection and corrects alterations in eNOS phosphorylation.[@b38-cia-10-907] Excessive expression of VEGF may induce synthesis of eNOS and iNOS in the penises of rats.[@b39-cia-10-907] As suggested from our observations in this study, we found that ICR mice had signifi-cantly reduced synthesis of nitric oxide ([Figure 2](#f2-cia-10-907){ref-type="fig"}) and expression levels of nNOS, eNOS ([Figure 3](#f3-cia-10-907){ref-type="fig"}), and VEGF ([Figure 4](#f4-cia-10-907){ref-type="fig"}) in penile corpus cavernosum. Taken together, excessive Mn exposure may lead to erectile dysfunction through inhibition of nitric oxide-mediated signaling pathways. In Taiwan, the Chinese herbal formula B401 has been developed as a health supplement for promoting blood circulation and enhancing brain function. In this study, we observed that synthesis of nitric oxide and the expression levels of nNOS, eNOS, and VEGF were significantly enhanced in the penile corpus cav-ernosum of Mn-treated mice under oral treatment with the herbal formula B401 ([Figures 2](#f2-cia-10-907){ref-type="fig"}[](#f3-cia-10-907){ref-type="fig"}[4](#f4-cia-10-907){ref-type="fig"}). Thus, we assumed that B401 may have protective effects on penile toxicity in mice with acute manganism by promoting nitric oxide-mediated signaling pathways.

Several evidences have indicated that oxidative stress, mitochondrial dysfunction, inflammation, and apoptosis were involved in underlying pathological mechanisms of excessive Mn-induced neurodegeneration.[@b40-cia-10-907] As suggested from our results, we found that ICR mice had significantly reduced levels of SOD2, catalase ([Figure 4](#f4-cia-10-907){ref-type="fig"}), and Bcl-2 ([Figure 7](#f7-cia-10-907){ref-type="fig"}) in the penile corpus cavernosum but increased expression levels of 4-HNE ([Figure 5](#f5-cia-10-907){ref-type="fig"}), TNF-α ([Figure 6](#f6-cia-10-907){ref-type="fig"}), Bax, Cyt-C ([Figure 7](#f7-cia-10-907){ref-type="fig"}), caspase-12, and caspase-3 ([Figure 8](#f8-cia-10-907){ref-type="fig"}) in the penile corpus cavernosum. Previous studies have suggested that oxi-dative stress plays a causative role in erectile dysfunction.[@b41-cia-10-907],[@b42-cia-10-907] Enhanced expression of 4-HNE, an oxidative marker, has been observed in a rat model of radiation-induced erectile dysfunction.[@b43-cia-10-907] Oxidative stress and inflammation lead to endothelium dysfunction, which plays a key part in the pathophysiology of erectile dysfunction.[@b44-cia-10-907] Administration of the antioxidants catalase and SOD2 may cause diabetes-induced oxidative stress and erectile dysfunction.[@b45-cia-10-907] Inflammatory conditions were also observed in patients with erectile dysfunction, as shown by increasing plasma levels of TNF-α.[@b46-cia-10-907] Furthermore, apoptosis is a downstream event in erectile dysfunction.[@b19-cia-10-907] The Bcl-2 protein plays an important role in inhibiting apoptosis, while Bax is a proapoptotic member that releases Cyt-C from the mitochondria.[@b47-cia-10-907],[@b48-cia-10-907] PARP is cleaved by caspase-3 and is a key executor of apoptosis.[@b49-cia-10-907],[@b50-cia-10-907] In this study, we observed that expression levels of antioxidative catalase and SOD2, as well as antiapoptotic Bcl-2, were significantly enhanced, but expression levels of 4-HNE, c-PARP, Bax, Cyt-C, caspase-12, and caspase-3 were significantly reduced in the penile corpus cavernosum of Mn-treated mice under oral treatment with the herbal formula B401 ([Figures 4](#f4-cia-10-907){ref-type="fig"}[](#f5-cia-10-907){ref-type="fig"}[](#f6-cia-10-907){ref-type="fig"}[](#f7-cia-10-907){ref-type="fig"}[8](#f8-cia-10-907){ref-type="fig"}). In other words, B401 may have protective effects on penile toxicity in ICR mice with acute manganism by reduction of oxidative stress, mitochondrial dysfunction, inflammation, and apoptosis. ICR mice with acute manganism is character-ized by reducing nitric oxide-mediated signaling pathways, while increasing oxidative stress, mitochondrial dysfunction, inflammation, and apoptosis in the penile corpus cavernosum of the male reproductive system.

Highlights
==========

1.  We report that excess Mn treatment increases penile toxicity in aging male mice by reducing nitric oxide synthesis and enhancing oxidative stress, inflammation, and apoptosis in the penile cavernous tissue.

2.  Oral treatment with herbal formula B401 alleviates penile toxicity in aging male mice with manganism by promoting nitric oxide synthesis and reducing oxidative stress, inflammation, and apoptosis in penile cavernous tissue.

3.  The herbal formula B401 may serve as a potential dieto-therapeutic supplement for penile toxicity or dysfunction for aging males.

Conclusion
==========

As summarized in [Figure 9](#f9-cia-10-907){ref-type="fig"}, we have suggested that oral B401 treatment could alleviate penile toxicity in Mn-treated mice by enhancing both synthesis of nitric oxide and angiogenesis, while reducing oxidative stress, inflammation, and apoptosis in the corpus cavernosum. It is highly possible that the herbal formula B401 may also be a useful dietotherapeutic supplement for penile toxicity or dysfunction.
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![Chromatographic fingerprint analysis for the Chinese herbal formula B401.\
**Notes:** HPLC fingerprint of the herbal formula B401. Characteristic peaks of B401, ie, **A**: ginsenosides Rb1 (C54H92O23; MW: 1109.3 g/mol; from *Panax ginseng*) and oleanolic acid (C30H48O3; MW: 456.7 g/mol; from *Ligustri fructus*); **B**: formononetin (C16H12O4; MW: 268.3 g/mol; from *Astragalus membranaceus*); **C**: 5-hydroxymethylfurfural (C6H6O3; MW: 126.1 g/mol; from *Rehmannia glutinosa*); **D**: ferulic acid (C10H10O4; MW: 194.2 g/mol; from *Ligustri fructus*); **E**: wedelolactone (C16H10O7; MW: 314.3 g/mol; from *Eclipta prostrata*), were identified and marked at the corresponding peaks in the fingerprint.\
**Abbreviations:** AU, arbitrary perfusion units; 5-HMF, 5-hydroxymethylfurfural; HPLC, high-performance liquid chromatography; MW, molecular weight.](cia-10-907Fig1){#f1-cia-10-907}

![Cavernosal nitric oxide (NO) levels and H&E staining in Mn-treated mice with and without oral B401 treatment.\
**Notes:** (**A**) Cavernosal NO levels measured by NO electrochemical sensor meter; (a) surgical technique used for NO monitoring in vivo; and (b) quantified cavernosal NO levels in Mn-treated mice under oral B401 treatment (B401+Mn, n=6) were significantly higher than those in Mn-treated mice without oral B401 treatment (Mn, n=6). Values are mean ± SEM (\**P*\<0.05, one-way ANOVA followed by a Student--Newman--Keuls multiple comparisons posttest). (**B**) Cavernosal H&E staining in (a) Mn-treated mice under oral B401 treatment (B401+Mn) and (b) cavernosal tissue in Mn-treated mice without oral B401 treatment (Mn).\
**Abbreviations:** ANOVA, analysis of variance; H&E, hematoxylin and eosin; NO, nitric oxide; SEM, standard error of the mean.](cia-10-907Fig2){#f2-cia-10-907}

![Cavernosal levels of nitric oxide synthases in Mn-treated mice with and without oral B401 treatment.\
**Notes:** (**A**) Immunohistochemical staining illustrated that expression levels of cavernosal eNOS of (a, B401+Mn) Mn-treated mice under oral B401 treatment were visibly enhanced in comparison with the (b, Mn) Mn-treated mice without oral B401 treatment. (**B**) Western blotting analysis shows the following: (a) cavernosal expression levels of nNOS and eNOS of Mn-treated mice with and without oral B401 treatment and (b) quantified cavernosal nNOS and eNOS levels of Mn-treated mice with oral B401 treatment (B401+Mn, n=6) were significantly enhanced in comparison with the same in Mn-treated mice without oral B401 treatment (Mn, n=6). Values are mean ± SEM (\*\**P*\<0.01, one-way ANOVA followed by Student--Newman--Keuls multiple comparisons posttest).\
**Abbreviations:** nNOS, neuronal nitric oxide synthase; eNOS, endothelial nitric oxide synthase; SEM, standard error of the mean; ANOVA, analysis of variance.](cia-10-907Fig3){#f3-cia-10-907}

![Cavernosal levels of VEGF, catalase, and SOD2 among Mn-treated mice with or without oral B401 treatment and among the sham mice.\
**Notes:** Western blotting analysis shows the following: (**A**) Cavernosal expression levels of VEGF, catalase, and SOD2 among Mn-treated mice with or without oral B401 treatment and among the sham mice. (**B**) Quantified cavernosal VEGF, catalase, and SOD2 levels in Mn-treated mice (Mn, n=6) were significantly lower than those in the sham mice (Sham, n=6), while they were significantly enhanced under oral B401 treatment (B401+Mn, n=6). Values are mean ± SEM (\*\**P*\<0.01, \**P*\<0.05, one-way ANOVA followed by a Student--Newman--Keuls multiple comparisons posttest).\
**Abbreviations:** VEGF, vascular endothelial growth factor; SOD2, superoxide dismutase 2; SEM, standard error of the mean; ANOVA, analysis of variance.](cia-10-907Fig4){#f4-cia-10-907}

![Cavernosal levels of 4-HNE, an inducer of oxidative stress, in Mn-treated mice with and without oral B401 treatment.\
**Notes:** Western blotting analysis shows the following: (**A**) Cavernosal expression levels of 4-HNE in Mn-treated mice with and without oral B401 treatment. (**B**) Quantified cavernosal 4-HNE levels of Mn-treated mice under oral B401 treatment (B401+Mn, n=6) were significantly lower than those in the Mn-treated mice without oral B401 treatment (Mn, n=6). Values are mean ± SEM (\*\**P*\<0.01, one-way ANOVA followed by a Student--Newman--Keuls multiple comparisons posttest).\
**Abbreviations:** 4-HNE, 4-hydroxynonenal; SEM, standard error of the mean; ANOVA, analysis of variance.](cia-10-907Fig5){#f5-cia-10-907}

![Cavernosal levels of TNF-α, a marker of inflammation, in Mn-treated mice with and without oral B401 treatment.\
**Notes:** Western blotting analysis shows the following: (**A**) Cavernosal expression levels of TNF-α in Mn-treated mice with and without oral B401 treatment. (**B**) Quantified cavernosal TNF-α levels of Mn-treated mice under oral B401 treatment (B401+Mn, n=6) were significantly lower than those in the Mn-treated mice without oral B401 treatment (Mn, n=6). Values are mean ± SEM (\*\**P*\<0.01, one-way ANOVA followed by a Student--Newman--Keuls multiple comparisons posttest).\
**Abbreviations:** TNF-α, tumor necrosis factor alpha; SEM, standard error of the mean; ANOVA, analysis of variance.](cia-10-907Fig6){#f6-cia-10-907}

![Cavernosal levels of antiapoptotic Bcl-2 and apoptosis inducers c-PARP, Bax, and Cyt-C in Mn-treated mice with and without oral B401 treatment.\
**Notes:** Western blotting analysis shows the following: (**A**) Cavernosal expression levels of c-PARP, Bcl-2, Bax, and Cyt-C in Mn-treated mice with and without oral B401 treatment. (**B**) The quantified ratio of cavernosal Bcl-2/Bax in Mn-treated mice under oral B401 treatment (B401+Mn, n=6) was significantly enhanced in comparison with the Mn-treated mice without oral B401 treatment (Mn, n=6). Quantified cavernosal c-PARP and Cyt-C levels in Mn-treated mice under oral B401 treatment (B401+Mn, n=6) were significantly lower compared with the Mn-treated mice without oral B401 treatment (Mn, n=6). Values are mean ± SEM (\*\**P*\<0.01, \**P*\<0.05, one-way ANOVA followed by a Student--Newman--Keuls multiple comparisons posttest).\
**Abbreviations:** Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; c-PARP, cleaved poly(adenosine diphosphate-ribose) polymerase; Cyt-C, cytochrome c; SEM, standard error of the mean; ANOVA, analysis of variance.](cia-10-907Fig7){#f7-cia-10-907}

![Cavernosal levels of apoptosis inducers caspase-12 and caspase-3 among Mn-treated mice with and without oral B401 treatment, as well as among the sham mice.\
**Notes:** Western blotting analysis shows the following: (**A**) Cavernosal expression levels of caspase-12 and caspase-3 among Mn-treated mice with and without oral B401 treatment, as well as among the sham mice. (**B**) Quantified cavernosal caspase-12 and caspase-3 levels in Mn-treated mice (Mn, n=6) were significantly higher than those in the sham mice (Sham, n=6), while being significantly reduced under oral B401 treatment (B401+Mn, n=6). Values are mean ± SEM (\*\**P*\<0.01, \**P*\<0.05, one-way ANOVA followed by a Student--Newman--Keuls multiple comparisons posttest).\
**Abbreviations:** SEM, standard error of the mean; ANOVA, analysis of variance.](cia-10-907Fig8){#f8-cia-10-907}

![The schematic diagram illustrates that oral B401 treatment may alleviate penile toxicity in Mn-treated mice by enhancing both synthesis of nitric oxide and angiogenesis, while reducing oxidative stress, inflammation, and apoptosis in the corpus cavernosum.\
**Abbreviations:** NO, nitric oxide; nNOS, neuronal nitric oxide synthase; eNOS, endothelial nitric oxide synthase; VEGF, vascular endothelial growth factor; SOD2, superoxide dismutase 2; 4-HNE, 4-hydroxynonenal; TNF-α, tumor necrosis factor alpha; ER, endoplasmic reticulum; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; c-PARP, cleaved poly(adenosine diphosphate-ribose) polymerase; Cyto-C, cytochrome C; ATP, adenosine triphosphate.](cia-10-907Fig9){#f9-cia-10-907}
